ABSTRACT
INTRODUCTION
Load flow is an important tool for proper design and operation of distribution networks. At the design stage, load flow analysis can be used to check whether the voltage limits are satisfied all over the network. At the operation stage, it can be utilised to check the different possible supplying arrangements to fulfil the required voltage profile and to achieve minimum system losses. In addition to the direct use of load flow, in many other problems it is utilised as a subproblem, for instance in the contingency analysis of a system. In recent years, introduction of system automation, dispersed generation and the power industry deregulation have increased the need for powerful tools, including load flow, for the system analysis.
Although the conventional load flow methods, e.g. NewtonRaphson and Fast Decoupled, are very efficient for transmission networks, they are not so efficient or even may be unusable in the some cases for distribution networks. The inefficiency of these methods is the result of inherent features of distribution networks. The inefficiency is the cause of the divergence, since distribution networks are placed in illconditioned networks for these methods. Some of the troublemaking features of distribution networks are: radial or near to radial structure, high R/X ratio, unbalanced multi-phase operation, distributed loads and generation. Regarding to the inherent difference between transmission and distribution networks, the modelling methods of the transmission system components are not suitable for the distribution networks. Therefore, especial modelling methods are required for the distribution networks.
Many methods are presented for distribution load flow solution. The presented methods can be categorised in some groups. Some of these methods are modified versions of Newton-Raphson, and the method deals with formation of Jacobians and computation of power mismatches. Some others are based on the backward and forward sweep method involving branch current flows computing. Moreover, a method is presented for direct solution of the network, by modelling loads as constant impedances.
The above mentioned methods are very accurate involving detailed modelling of the system. Most of them are dealing with deterministic conditions and accept only fixed inputs. Therefore, their result accuracy greatly depends on the validity of inputs. The input variables are normally unknown, so they would be obtained by estimation according some past and present data. In the case of statistical uncertainty, this problem can be overcome by application of stochastic approach, by utilising random variables and using probability theory methods. These methods are generally called as probabilistic load flow methods. This paper presents the above mentioned aspects of distribution systems. Then, some modelling approaches and the load flow methods are proposed for distribution networks. Lastly, probabilistic load flow methods will be studied.
SPECIAL FEATURES OF DISTRIBUTION SYSTEMS
This section discusses the reasons placing the distribution networks in the category of the ill-conditioned systems. The main problem of utilising the conventional methods on a distribution system is the divergence. This is the result of inherent features of the distribution systems that some of them are as follows:
Radial or near to radial structure. Similar to transmission systems, distribution networks have an interconnected structure, but they are operated in radial mode unlike the transmission systems. One or few rings may exist in the distribution networks, but the number of rings in the whole system is very low. This is because of the arisen difficulties in protection of the ringed networks.
High R/X ratio. This ratio is low in the transmission systems, e.g. 0.1 or less, whereas in distribution systems it is in the range of 0.5 to 2 or even higher for the lines with low cross section conductors.
Unbalance multi-phase operation. Transmission system are balanced and the loads are supplied through the three phases. Loads in distribution systems can be fed through three-phases, two-phase or single-phase, and so distribution systems may be unbalanced. Therefore, the methods base on the balanced three-phase loads may not be able to solve the distribution networks load flow problem.
Distributed loads. Transmission system loads are lumped and they are located on the buses of the system. In the case of each transmission line, there are two loads at each end and there is rarely tap-off load along the line. On the other hand, loads are tapped along the length of the distribution feeder. If each load is considered as a node, it may result in an excessive number of nods. In distribution systems so many laterals are fed via the main feeder. Therefore, each distribution feeder contains some laterals as well as some distributed load points.
Dispersed generation. In the transmission systems, the generator buses are considered as a PV bus and their voltage can be set at a desirable value in an allowed rang. In the recent years, dispersed generation has been introduced into distribution systems. This type of generation is based on the renewable energy sources such as solar, wind, or small hydrounits, or on the other hand based on the non-renewable sources such as micro-turbine and small gas-turbine. The controlling strategy of these generators is not similar to the large generators. Some of them are set in a way that they generate a fixed P and Q. On the other hand, some others are set to have a fixed power factor. Only a small fraction of dispersed generators can stabilise the voltage of their connection point, which can be considered as a PV bus.
COMPONENTS MODELLING
As mentioned, distribution system components are greatly different from their transmission counterpart. Regarding the inherent features of the distribution systems, models of these components may be different from the transmission ones.
Here some three-phase balanced models are presented. Models dealing with the two or single phases or unbalanced cases can be delivered by manipulating the three-phase model by a proper expansion.
Distribution lines. Distribution lines can be modelled with the π model, Fig. 1 . In this figure, there are two groups of the impedances; series and parallel ones. Series impedance. Fig. 2 shows the series impedances in a four wire, three-phase line. Applying Kron's reduction, the system shown in Fig. 2 , would be convert to a three wire three-phase system which is illustrated in the Fig. 3 . In spite of omitting the neutral conductor, its effects are considered. Equation (1) presents the series impedance matrix and Fig. 4 shows the equivalent circuit. Distribution transformers. Regarding to unbalanced loading of distribution systems, the conventional transformer models can not be applied, which are based on a balanced three-phase systems. Distribution transformer models should consider copper and core losses, winding connection group, phaseshifting between primary and secondary and also off-load tapchanger. The improper transformer modelling would result in inefficiency of the load flow. It can be said that the transformer model is the most important model that even specifies the applicable load flow algorithm. The transformer connection group is the most important case, which some models can not consider it.
Chen, et al.
[1] present a transformer model, which can be used in load flow, short circuit, and contingency analysis. Three-phase transformers are modelled with the aid of series admittance matrix that considers connection group, taps at the primary and secondary, leakage impedances, copper and core impedances, and even phase-shifting between primary and secondary winding for each phase.
Dispersed generators.
In the recent years, so many small generators are introduced into the distribution networks. As mentioned, some of these units are controlled to generate a fixed P and Q, some others to have a fixed power factor and only a small fraction of them can stabilise the voltage at their connecting point. Therefore, some generators are modelled as a fixed P and Q components that unlike the loads, these have positive values. The buses with generators, which are capable of voltage stabilisation, are modelled as a PV buses.
Loads in distribution networks. In distribution systems, loads are supplied through very small distribution transformers, e.g. 5 kVA. If each load point is considered as a node, the number of nods would be so high. Modelling the distributed loads, as two lumped loads at the end of a selected line sections, overcomes this problem.
Beside the distributed load feature, loads characteristics are also important. Normally, loads are modelled as a fixed P and Q. In some algorithms, loads are modelled as constant impedance component. But loads in a distribution network have both fixed P and Q, and constant impedance features, but the percentage of each one would vary. The validity of a load flow method can be increased, by considering both models simultaneously.
LOAD FLOW METHODS
The conventional load flow methods, e.g. Newton-Raphson and Fast Decoupled, are well established and efficient for transmission networks. However, care must be taken in using these methods for distribution networks where the line R/X ratio is high and the network is normally operated in radial configuration. These characteristics of distribution networks place them in the group of ill-conditioned networks for the conventional methods. Although there are some load flow solutions for distribution systems, but it is difficult to choose a suitable method for practical networks. Many researches used conventional load flow methods, e.g. Newton-Raphson, which are modified to solve the networks with a high R/X ratio. A brief description of some salient work will follow.
Kersting and Medive [2] and Kersting [3] proposed a load flow method for solving the radial distribution networks by using the ladder-network theory, which is a practical algorithm for the solution of radial distribution networks. Stevens, et al. [4] showed that the ladder method is the fastest method, but this method does not converge for five out of twelve networks. Shirmohammadi, et al. [5] [6] presented a method for solving the distribution networks. This method is based on the direct use of Kirchhoff's voltage and current laws. They also extended their method to solve the weakly meshed networks. At first, the proposed method was in the form of single phase, for balanced three-phase systems, some years later they proposed a three-phase load flow method which was built on their previous method basis. Baran and Wu [7] proposed a solution method for the load flow problem by iterative solving of three main equations which describe the active and reactive power and the voltage magnitude. They calculated the Jacobian matrix by using the chain rule.
In their method, the computation of the mismatches and Jacobian matrix is only consisted of some simple algebraic expressions, not the trigonometric functions. They also presented an algorithm for fast decoupled load flow. Chiang [8] presented three different algorithms for solving the radial distribution networks, which are based on the proposed method by Baran and Wu [7] . These algorithms consist of decoupled, fast decoupled and very fast decoupled load flow. Decoupled and fast decoupled methods were similar to the methods proposed by Baran and Wu. Their very fast load flow algorithm was so attractive, because it did not need the calculation of Jacobian matrix or factoring. Renato [9] developed a method for solving the load flow problem in the radial distribution networks. He calculated each node equivalent circuit by summing all the loads of the network fed from that node, including the losses. Then, by starting from the source node, he computed the voltage of each node. Hasmon and Lee [10] [11] proposed a new method for the distribution load flow. They applied three basic equations which describe active and reactive power and the voltage magnitude [7] . They proposed a new method for numbering the nodes and the branches, which was useful in the exact determination of active and reactive power of the loads which are fed from each node and the voltage at the end of each branch. Ghosh and Das [13] proposed a method in which it was only necessary to evaluate some simple algebraic variables. This method could consider the combined loads, if their combination is known.
All of the above methods are based on the iteration technique, where iterations continue until the convergence criteria is satisfied. Goswami and Basu [14] presented a method for direct solution of the load flow problem in the radial distribution networks. In this method, only three branches are connected to each node. Certainly, to obtain such a network, it is necessary to do some pre-processing on the network. In contrast to the methods described in previous paragraph, where the load is modelled as a fixed P and Q, Goswami and Basu model the loads as constant impedance and by this modelling method, they directly solved the load flow problem. 
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SUMMERY OF SOME OF DISTRIBUTION LOAD FLOW METHODS
Many efforts have been done on distribution load flow in recent years and some methods are presented. These can be grouped as follows:
Backward and forward sweep methods, or ladder network based methods. These methods are based on the radial feature of the distribution networks, i.e. there is a unique path between each node and the source. The algorithm consists of two stages; backward and forward sweep, which are repeated until convergence. Currents or powers are calculated at the backward sweep stage, using the computed voltages. Then voltages are computed at the forward stage, based on the calculated currents or powers. This method can be summarised as:
• Consider a flat voltage profile for all nodes • Determine the impedance between each node and the source • Calculate the currents at backward stage, starting from the end nodes • Compute the voltages at forward stage, starting from the source • Repeat the above two stages until convergence Sensitivity matrix method. Baran and Wu [7] presents a method which solve the load flow problem by means of the sensitivity matrix between node power and mismatches power flow at the end of feeders. This method can be summarised as:
• Consider outgoing power of each node to be the sum of the downstream loads • Calculate the voltages due to the power flow • Compute outgoing powers at each node due to the calculated voltages • Compute the sensitivity matrix between power mismatches at the end of feeder and node power • Update node power flows using the achieved sensitivity matrix and power mismatches at the ends of feeder • Repeat the above four stages until convergence Shirmohammadi method. Shirmohammadi, et al. [6] present a load flow method, which is three-phase version of their method presented in [5] . This can consider the specialities of the distribution systems, especially unbalanced loading. This method can also be used for weekly meshed networks. In these cases, firstly loops are opened and each opened point is compensated by two injected current sources with opposite directions. Therefore, the opening point is converts to two nodes with compensating current sources. After opening the loops, the resultant radial network will be solved. This method can be summarised as:
• [14] present a method to solve the load flow directly. Here, the load flow problem formulated in a way that the direct solution becomes feasible. Loads are modelled as constant impedances instead of fixed P and Q. Then, KVL's are formed in loops start from the source and last to the end loads. These equations are ordered in a way that the node voltage is on one side. Regarding these equations, Z matrix is formed. The Z matrix then converts to an up-triangular matrix, which is applied to direct solution of the network.
PROBABILISTIC LOAD FLOW
The previously mentioned load flow methods are inherently deterministic and the inputs are in the form of accurate and single values. When the inputs are changed, the load flow analysis should be repeated with the changed inputs. Therefore, the load flow analysis results accuracy greatly depends on the validity of inputs. Utilising the deterministic distribution load flow methods, the analysis should be repeated for each condition. The uncertainty in inputs results in an excessive number of repetition, which may not be feasible. This problem can be overcome by applying the probabilistic load flow technique instead of the deterministic load flow. Here the inputs are described as probabilistic density functions, and the load flow equations are varied. The main difficulty of the probabilistic load flow analysis is nonlinearity of the load flow equations, and so they should be linearised around the expected values. The outputs of the probabilistic load flow analysis are in the form of density functions. Regarding these functions, the expected values determining the mean values and standard deviation can be computed.
Firstly, the probabilistic load flow concept is proposed for the transmission systems. The first two papers use DC model, and immediately after them, the AC model method was presented. After these efforts, many other methods have been developed unlit now. After introduction of probabilistic load flow for the transmission systems, the distribution versions of the probabilistic load flow are developed. Regarding the radial 
C C I I R R E E D D
CONCLUSION
This paper discusses load flow analysis, which is important in design and operation of distribution networks. Load flow in the distribution networks is different from the load flow in transmission systems, because of the inherent feature of these networks. Among the differences, these can be mentioned; radial or near to radial structure, high R/X ratio, multi-phase unbalanced operation, distributed loads, and dispersed generation. Regarding the inherent differences between distribution and transmission systems, transmission components models are not valid models for distribution systems. The developing history of distribution load flow methods has been presented, and a summary of the base methods are presented. When one or some of the inputs are changed, it is necessary to solve the network again with the new inputs. Normally there is an uncertainty in the inputs of the load flow analysis, which may result in excessive repetitions. This can be overcome by applying probabilistic load flow analysis, where the inputs and outputs are in the form of the probabilistic density functions.
